We describe a role for ECM as a biosensor for inflammatory microenvironments that plays a critical role in peripheral immune tolerance. We show that hyaluronan (HA) promotes induction of Foxp3-IL-10-producing regulatory T cells (TR1) from conventional T-cell precursors in both murine and human systems. This is, to our knowledge, the first description of an ECM component inducing regulatory T cells. Intact HA, characteristic of healing tissues, promotes induction of TR1 capable of abrogating disease in an IL-10-dependent mouse colitis model whereas fragmentary HA, typical of inflamed tissues, does not, indicating a decisive role for tissue integrity in this system. The TR1 precursor cells in this system are
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FoxP3
− , suggesting that effector memory cells assume a regulatory phenotype when they encounter their cognate antigen in the context of intact HA. Matrix integrity cues might thereby play a central role in maintaining peripheral tolerance. This TR1 induction is mediated by CD44 cross-linking and signaling through p38 and ERK1/2. This induction is suppressed, also in a CD44-dependent manner, by osteopontin, a component of chronically inflamed ECM, indicating that CD44 signaling serves as a nexus for fate decisions regarding TR1 induction. Finally, we demonstrate that TR1 induction signals can be recapitulated using synthetic matrices. These results reveal important roles for the matrix microenvironment in immune regulation and suggest unique strategies for immunomodulation.
T he tissue microenvironment undergoes major changes during inflammation and its resolution. We have studied the role of the ECM as a communications bridge to the adaptive immune system, informing infiltrating lymphocytes regarding the tissue status and guiding subsequent responses. In particular we have examined the interplay between the TR1 regulatory T cell subset and hyaluronan (HA), a component of ECM.
TR1 cells are CD4 + FOXP3 − regulatory cells that play a crucial role in resolving inflammation and maintaining peripheral immune tolerance (1). TR1 mediate contact-independent immune tolerance through the secretion of substantial amounts of IL-10 (2). Although diverse experimental conditions have been used in TR1 induction (1, (3) (4) (5) (6) (7) (8) , the specific progenitor population and governing factors in vivo are unclear (1) .
HA is a long, highly charged disaccharide with prominent roles in structural biology, wound healing, and immunology. The size of HA in a wound environment is known to correlate with the stage of injury and its resolution (9) . Low molecular weight HA (LMW-HA; <15 saccharides; <3 kDa) predominate during acute and persistent inflammation and have been demonstrated to be proinflammatory and proangiogenic. Conversely, intact high molecular weight HA (HMW-HA) predominates in noninflamed or healing tissues and is thought to be inert or anti-inflammatory (9) We previously identified a role for HMW-HA in promoting the persistence and function of established FoxP3 + natural T regulatory cells (nTregs) (10) (11) (12) . nTregs are another regulatory T cell subset that are thought to primarily arise in the thymus (13) . HA was recently reported to promote IL-10 production in intestinal biopsies upon oral administration (14) . However, to our knowledge, ECM components have not been implicated in the induction of regulatory T cells and there are no described roles for HA or CD44, the primary HA receptor, in TR1 biology.
Given that TR1 cells are induced in peripheral tissues, presumably in response to local environmental cues, we hypothesized that HMW-HA may promote TR1 induction. Here we evaluate this hypothesis and the role of CD44 signaling as a nexus for fate decisions regarding TR1 induction. Finally, we use synthetic matrices to recapitulate matrix integrity cues and promote TR1 induction.
Results
Intact HA Promotes TR1 Induction from Effector Memory T-Cell Precursors. To ascertain the contribution of ECM components to TR1 induction, we devised an in vitro activation assay using immobilized plate-bound ECM components (Fig. S1A) . To exclude FOXP3 + nTregs, we used GFP/FOXP3 knock-in mice and depleted the CD4 + T cells isolated from these animals of GFP/ FOXP3 + cells. HMW-HA had a capacity to promote IL-10 whereas other ECM molecules did not (Fig. 1A) . HMW-HA. but not LMW-HA generated from the same HMW-HA, promoted production of IL-10 protein (Fig. 1B) and mRNA (Fig. S1B) , implicating a decisive role for HA integrity in this system. Significant enhancement of other TH1, TH2, or TH17 cytokines tested was not observed (Fig. 1C) . IFN-γ and TNF-α were increased but not significantly (P = 0.079 and P = 0.504, respectively). Blocking antibodies directed against IFN-γ or TNF-α did not diminish HA-mediated IL-10 production (Fig. S1C) . TGF-β was not significantly increased (Fig. S1D) . By using tissues from GFP/IL-10 knock-in mice, we found that, whereas a fraction of induced GFP/IL-10 + cells produced IFN-γ + , induced TR1 cells were otherwise negative for TNF-α, IL-2, IL-4, and IL-17 production (Fig. S1E ). The effect of HMW-HA was dependent on TCR ligation (Fig. 1D) . Cells induced to express IL-10 by HMW-HA costimulation retained this property even after being washed and restimulated with PMA/ionomycin (Fig. S1F ).
HMW-HA disproportionately promoted IL-10 production in the effector memory CD62L
− fraction of CD4 + T cells (Fig. 1E ).
CD62L
− T cells are known to express CD44 at high levels (15), a phenotypic characteristic likely to be important in interactions with HMW-HA. In contrast, the CD62L + T cell fraction after activation produced similar amounts of IL-10 with or without HMW-HA, at levels comparable to anti-CD3 (aCD3)/28/HMW-HA treatment of freshly isolated CD62L
− cells (Fig. S1G ).
HA-Induced TR1 Cells Are Functional. The RAG.1 −/− mouse colitis model is a well established system for evaluating IL-10-dependent regulatory T-cell effects. The infusion of CD4 + CD45RB
hi naive effector T cells typically causes colitis in these animals whereas the coinfusion of regulatory T cells abrogates colitis in an IL-10-dependent manner (9, 17) . We used this model system to evaluate the regulatory capacity of TR1 cells induced with HMW-HA. Mice that received CD4 + FoxP3-depleted T cells activated with aCD3/ 28/HMW-HA exhibited significantly improved survival relative to animals that received the same cells activated with aCD3/28 alone.
+ nTreg cells completely abrogated disease whereas infusion of PBS solution alone in conjunction with the CD4 + CD45RB
hi naive effector T cells led to the demise of 90% of the animals in that experimental group ( Fig. 2A) . These effects on survival occurred in conjunction with diminished colitis (Fig. 2B ). Representative colonic sections clearly indicate (Fig. 2C ).
HA Induction of TR1 Cells Is CD44-Dependent. CD44 is the primary cell-surface receptor for HA (17) . We found that CD44 −/− mice exhibited significant impairment of IL-10 up-regulation in response to HMW-HA (Fig. 3A) . This indicates that CD44 is necessary for HMW-HA-mediated induction of IL-10. Consistent with this, costimulation of WT CD4 + GFP/FOXP − T cells with plate-bound aCD44 robustly induced IL-10 production at the level of protein (Fig. 3B) and mRNA (Fig. S2A) . However, soluble aCD44 did not up-regulate IL-10 production, revealing a requirement for CD44 cross-linking (Fig. 3B) . The increase in IL-10 upon CD44 crosslinking was still observed following normalization to proliferation (Fig. 3C) , dispelling the possibility that the IL-10 increase was an artifact of enhanced proliferation. Antibodies directed at ICOS-1, a costimulatory molecule with roles in T-cell activation (18) , were included as a control. Unlike the cytokine profile observed upon HMW-HA treatment, CD44 cross-linking also significantly increased TNF-α and IFN-γ (Fig. S2B) . Neither WT nor CD44 −/− mice had detectable CD4 + IL-10 + splenocytes directly ex vivo (Fig. S2C ). TR1 cells induced with CD44 cross-linking were functional, as demonstrated in vitro (Fig. 3D) . However, this suppressive function was lost when T cells from IL-10 −/− mice were used as a source of TR1 cells. Of note, CD44 costimulation of mouse CD4
− cells did not induce FoxP3 expression (Table S1 ). Although CD44 facilitates signaling through numerous pathways, IL-10 production is reported to be primarily the product of signaling through MAP kinases, particularly those involving p38 and ERK1/2 (19) . Intracellular staining for IL-10 after CD44 costimulation identified enhanced IL-10 production that was lost upon addition of specific small-molecule inhibitors of ERK1/2 and p38 signaling but not upon inhibition of MEK1 (Fig. 3E and F) . This indicates that CD44 cross-linking promotes IL-10 production via a MAP kinase-dependent pathway. Consistent with this, we found that treatment with aCD44 together with a cross-linking antibody led to enhanced phosphorylation of both p38 and ERK1/2, which peaked 10 min after activation (Fig. S3 A and B) . If either the cross-linking Ab or the aCD44 Ab was left out, enhanced phosphorylation of p38 and ERK1/2 was not seen. Exogenous IL-2 had a negligible impact on p38 and ERK/1/2 phosphorylation (Fig. S3 C and D) . The experiments in Fig. S3 A-D were performed using human CD4 + CD25
− T cells; similar results were seen with mouse cells (Fig. S3 E and F) . As with HMW-HA, CD44 crosslinking disproportionately promoted IL-10 production in the CD62L − , effector memory population (Fig. 3G) .
Intact HA Promotes Induction of Human TR1. Costimulation of human CD4 + CD25
− T cells with either HMW-HA or anti-CD44 antibodies significantly increased IL-10 production (Fig. S4A ) and generated functional TR1 cells (Fig. S4B ) but did not promote induction of Foxp3 (Fig. S4C) . We therefore conclude that HMW-HA and CD44 also promote TR1 induction from human conventional T cells.
Exogenous IL-2 Boosts HMW-HA Induced IL-10 Production. Exogenous IL-2 significantly increased IL-10 production in the presence of plate-bound HMW-HA (Fig. S5) . However, the enhanced IL-10 production seen upon IL-2 addition to the aCD3/28 condition did not reach statistical significance, leading us to suspect that the beneficial effect on IL-10 production previously reported for IL-2 (20) may not be relevant at the low levels of TCR activation used in our system.
Osteopontin Abrogates HA TR1 Induction in a CD44-Dependent
Manner. In healing tissues, HA typically exists in the context of a complex ECM. We therefore asked whether other ECM components that are also CD44 ligands might impact the HA-mediated effect on TR1 induction described here. Osteopontin (OPN) is a matrix glycoprotein found in abundance in chronic inflammation and known to exacerbate autoimmunity (21, 22) . Given that OPN is known to impact IL-10 production and is a CD44 ligand (23, 24), we explored the hypothesis that OPN inhibits HA-mediated TR1 induction. OPN decreased basal levels of IL-10 production seen upon aCD3/28 activation alone and negated the increase in IL-10 production seen upon HMW-HA costimulation in a dosedependent manner (Fig. 4A) . This was also the case for mRNA expression (Fig. S6A) . OPN inhibited HMW-HA-mediated IL-10 production to an equivalent extent irrespective of IL-2 supplementation (Fig. S6B) , indicating that OPN acts distal to or independent of STAT5 signaling. OPN effects are known to be mediated by interactions with both CD44, as well as to the αVβ3 integrin receptor, to which it binds via an RGD motif (23) . We observed that the decrease in basal IL-10 production upon OPN treatment was lost in CD44 −/− mice (Fig. 4B) , implicating CD44 in OPN effects on IL-10. However, addition of RGD peptide, but not RGE control peptide (Fig. 4C) or addition of an agonist antibody directed at the β3 integrin receptor subunit (Fig. 4D) , blocked the suppression of IL-10 production by OPN. These data implicate roles for both CD44 and β3 in OPN effects on HA-mediated IL-10 production and indicate a nexus for regulatory control of the TR1 pathway by ECM components.
Synthetic ECM Hydrogel Promotes IL-10 Production. We explored the potential of biomimetics of HA-containing matrix to induce IL-10 production. Extracel is a commercially available HMW-HA and collagen (COL)-based hydrogel preparation (25), which we modified to deliver a polyclonal antigenic stimulus through the addition of streptavidin and biotinylated aCD3 before polymerization, referred to henceforth as an HA/COL gel. A schematic of this design is shown (Fig. 5A ). CD4 +
GFP/FOXP3
− T cells activated using this platform produced IL-10 in comparable quantities to that seen with plate-bound activation. Matrigel or a fibrin hydrogel did not promote IL-10 induction (Fig. 5B) .
In tissues, IL-2 is associated with sulfated proteoglycans such as heparan sulfate (HS), possibly prolonging its half-life and function (26, 27) . We therefore asked whether a synthetic matrix containing HS could be used to deliver IL-2 in conjunction with the other signals necessary for TR1 induction. Extracel-HP, a hydrogel preparation that incorporates HS in addition to collagen and HMW-HA (henceforth referred to as HA/HS/COL gel), engendered equivalent IL-10 production in the absence of exogenous IL-2. Upon IL-2 supplementation the amount of IL-10 produced was significantly increased in the setting of HA/HS/ COL gel (P = 0.037) but not HA/COL gel (P = 0.23) relative to plate-bound HMW-HA (Fig. 5C ). This is consistent with reports of enhanced functionality of cytokines in HS-bound form (28, 29) . Representative staining data are shown in Fig. 5D . This enhancement of TR1 induction was not associated with increases in other Th1, Th2, or TH17 cytokines (Fig. 5E) . We confirmed that HA/HS/COL gel retains IL-2 (Fig. S7) .
Discussion
The local inflammatory milieu and the ECM in particular are underappreciated partners of the adaptive immune response. Herein we provide evidence of ECM modulation and control of IL-10 production, a key immunoregulatory cytokine in peripheral tissues. By using both mouse and human cells, we show that intact HA promotes induction of Foxp3 − IL-10-producing T cells with regulatory properties (i.e., TR1 cells) and that these function in vivo.
The TR1 cells described here differ from TR1 cells described previously in that the TR1 progenitor cells in this system are CD4 + CD62L − effector memory cells rather than naive cells (1) . This suggests that these cells have previously encountered their cognate antigens and assume a regulatory phenotype when they do so again in the context of HMW-HA. HA-induced TR1 may function in multiple stages of inflammation, as has been proposed for other TR1 (1). Our colitis data suggest that HA-induced TR1 can prevent inflammation. Conversely, a role for HA-induced TR1 in the resolution of inflammation is raised by our report that TH1 cytokines promote HA production by dendritic cells (DC) (30) . Matrix integrity cues might thereby play a central role in maintaining peripheral tolerance to self antigens.
The exclusivity with which HMW-HA treatment, and particularly HMW-HA-based hydrogels, promoted IL-10 production is also noteworthy and differs from some other described TR1 cells (1) . In particular, we did not observe significantly enhanced production of IFN-γ or other cytokines variably associated with TR1 cells (1) . Nor did we observe induction of FoxP3, a signaling molecule associated with Tregs. As we previously reported that HMW-HA promotes Foxp3 expression by mature Tregs (10) (11) (12) , this suggests differences between HMW-HA-mediated modulation of different regulatory T-cell types. Another mechanistic distinction is that intact HA promotes TGF-β production by Treg cells (11) but not TR1. Given that CD44v isoforms possess diverse ECM ligand specificities (31), it is also possible that other ECM components may differentially interact with specific regulatory subsets (30) in a highly contextual and specific manner. We identify two levels of regulation that modulate the capability of HA to induce TR1 regulatory cells. The first is the size of HA in the system. Although HMW-HA, characteristic of healing or uninjured tissues, promotes IL-10 production, fragmentary LMW-HA, indicative of active tissue injury, does not, indicating a decisive role for HA integrity in TR1 induction. It is known that the length of HA chains dictates their ability to cross-link multiple CD44 receptors on the cell surface (32), and this cross-linking is critical to a number of CD44-mediated functions (33, 34) . The requirement for CD44 cross-linking in this system provides a potential mechanistic explanation tying TR1 induction to the inflammatory milieu in vivo.
A second level of control over HMW-HA induction of TR1 cells is the influence of OPN, a matrix glycoprotein found in abundance in many settings of chronic inflammation and autoimmunity (21, 35) . Our data indicate that OPN overrides HMW-HA-mediated TR1 induction in a dose-dependent manner via interactions with both CD44 and integrin receptors. These data point to a central role for CD44 in fate decisions regarding of TR1 induction. Furthermore, we demonstrate that the effect of OPN can be replicated with an antibody directed against β3 integrin. These data indicate a nexus for regulatory control of the TR1 pathway by ECM components. Given the requirement in HAmediated TR1 induction for a TCR stimulus, DCs and other antigen-presenting cells (APCs) may serve as an important source of HA. It was recently reported that IFN-γ receptor engagement drives DC-mediated TR1 induction and inhibition of OPN production (36) . We recently showed that DC production of HA was likewise promoted by IFN-γ and that HA is found at the immune synapse (30) . We are currently investigating this HA/OPN/IFN-γ axis in DC-mediated TR1 induction.
Building upon our findings, we have used commercial HAbased hydrogels as platforms to provide the necessary cues for TR1 induction. These capitalize on the shared capacity of intact HA and an HA-based hydrogels to induce TR1. In this context, the hydrogel can be regarded as a synthetic biomimetic of intact ECM. The use of synthetic matrices to induce TR1 points toward novel strategies for immunomodulation. 
